Background: Cholesterol deficiency (CD), a newly identified autosomal recessive genetic defect in Holstein cattle, is associated with clinical signs of diarrhea, failure to thrive, and hypocholesterolemia.
A n inherited autosomal recessive genetic defect in Holstein calves, named cholesterol deficiency (CD), was reported for the first time in the summer of 2015 in Germany. 1, 2 Homozygous calves demonstrate clinical signs of diarrhea unresponsive to treatment and failure to thrive. 1 They suffer marked hypocholesterolemia and hypolipidemia, indicating an inherited fat metabolism disorder. These animals usually die within the first 6 months of life, and it has been assumed that about 80% of homozygous affected calves do not survive more than 1 year. 1 Heterozygous carrier animals do not show any clinical signs but have reduced levels of blood cholesterol and triglycerides. 1 Breeding organizations in Switzerland and other countries have reported an increasing occurrence of cases in Holstein cattle. The causal mutation has recently been identified in the apolipoprotein B gene (APOB).
3 A 1,299-bp insertion of a transposable element located in exon 5 of bovine APOB was shown to be perfectly associated with the disease and leads to truncated transcripts and aberrant splicing. 3 The Canadian artificial insemination Holstein sire Maughlin Storm, born in 1991, has been identified genetically to be the first carrier bull. 2 A significant recent advancement has been the development of a PCR-based direct gene test, allowing the detection of animals with CD without pedigree information. 3 In human patients, truncating mutations in APOB give rise to familial hypobetalipoproteinemia (FHBL). The APOB encodes 2 proteins via a mRNA-editing process: the APOB-48 protein is required for chylomicron production in the small intestine, and the APOB-100 protein is expressed in the liver. The APOB-100 protein is a structural component of very low-density lipoprotein (VLDL) and its metabolic products and serves as the ligand for low-density lipoprotein (LDL) receptor-mediated endocytosis of lipid particles. 4 The clinical consequences of the mutation are well described in human medicine, but have not been described to date in cattle. The aim of this report is to describe the clinical and pathological phenotype associated with the genetic defect of APOB causing this new disease entity in Holstein cattle.
Materials and Methods
Five Holstein calves (3 females, 2 males) and a 2.5-year-old heifer were referred to the Clinic for Ruminants of the Vetsuisse Faculty, University of Bern, Switzerland. The calves had a history of failure to thrive and intermittent diarrhea unresponsive to treatment since birth. The mean age of the calves was 86 days (min-max: 18-224 days), and the mean weight was 69 kg (min-max: 41-153 kg), as shown in Table 1 . The heifer (472 kg) had shown poor development and intermittent diarrhea in the first months of life, but had no longer shown diarrhea later on; it was presented to the Clinic with a primary complaint of lesions in the buccal cavity. A complete clinical examination of all animals was performed, and a CBC and blood chemistry profile was performed for calves numbered (no.) 1, 2, and 3. In addition, cholesterol and triglycerides were measured in all animals and were compared to a group of 5 healthy Holstein calves and a group of 5 inappetent Holstein calves with other diseases than diarrhea (Table 1) . Fecal samples were sent for routine viral, bacterial, and parasitological analyses to exclude the most common pathogens causing calf diarrhea (rotavirus, coronavirus, cryptosporidia, coccidia, E. coli, and Salmonella spp.). Dietetic causes for diarrhea were excluded by clinical history. The animals were tested for bovine viral diarrhea virus (BVDV) using an antigen-ELISA a on a skin biopsy (≤180 days in life) or an EDTA blood sample (>180 days in life). All animals were euthanized (Phenobarbitalum natricum, 100 mg/ kg i.v.) b 1-14 days after admission to the Clinic, based on the poor prognosis and suspicion of CD. A complete necropsy was performed on all animals. Fresh tissue samples were immediately fixed in 4% neutral buffered formalin, embedded in paraffin, cut at 4 lm, and stained with hematoxylin and eosin (HE). As lipids are removed from tissues during routine histological processing, for the visualization of lipids, optimal cutting temperature compound (O.C.T.) (Tissue-Tek) c -embedded frozen sections of small and large intestine and liver were stained with Sudan stain. Selected brain, spinal cord, and nerve sections of the heifer were stained with Luxol fast blue and Bielschowsky, respectively. Electron microscopical analysis was performed on small intestinal villi and liver of animals no. 5 
Results

Clinical Phenotype
The physical examination of the 5 calves revealed a slightly reduced general condition. The calves were severely emaciated with normal appetite (Fig 1) . The weight of the affected animals and of healthy Holstein cattle at the same age is shown in detail in Table 2 . Examination of the digestive system revealed normal activity of the gastrointestinal tract, and percussion and succession auscultation were negative in both flanks. The feces had a yellow to olive-green color, normal smell, and, at variable intervals over an observation period of up to 14 days, a fecal consistency which changed between soft (normal) and liquid (intermittent diarrhea). In addition, the feces of calf no. 1 contained undigested fibers (>2 cm in length). Examination of the cardiovascular, respiratory, urinary, musculoskeletal, and neurologic systems showed no abnormalities. The calves' gait was normal. The blood concentrations of cholesterol and triglycerides were distinctly below the values obtained from the 5 healthy control calves and from 5 calves affected with diseases other than diarrhea (Table 1) . No abnormalities were detected in the CBC and chemistry profiles performed for 3 calves. A moderate amount of acanthocytes was observed in the blood smear of calf no. 2. Calf no. 3 showed a slight anemia with a hematocrit of 17% (norm: 19-34%) and a low selenium concentration (47 lg/L, norm: >50 lg/L). Coprological examinations revealed the presence of few Eimeria bovis oocysts in calf no. 1 and Cryptosporidium parvum in calf no. 2. All calves tested negative for BVDV, rotavirus, and coronavirus, and bacterial cultures for E. coli and Salmonella spp. were also negative.
The 2.5-year-old and 4-month pregnant heifer (no. 6) presented with a complaint of anorexia and buccal lesions. Infectious causes were excluded, and the stomatitis was treated symptomatically. In addition, the animal was in a moderately reduced general condition and slightly emaciated (Table 2 ). Despite resolution of the digestive problem, restored appetite and activity of the gastrointestinal tract, hypermetria, and pacing, suggestive of a diffuse cortical lesion, remained apparent upon neurologic examination. The cerebrospinal fluid showed a slight pleocytosis (9.7 cells/lL, norm: 3 cells/lL) with 39% monocytes and 61% lymphocytes. The pandy test for proteins was slightly positive. The blood concentrations of cholesterol (0.11 mmol/L, norm: 1.20-3.84 mmol/L) and triglycerides (0.03 mmol/L, norm: 0.19-0.51 mmol/L) were similar to those of the affected calves ( Table 1 ). The heifer tested negative for BVDV. Coprological examination revealed the presence of a few Trichuris spp. eggs. Diarrhea was not observed in this animal.
Pathological Phenotype
Macroscopical examination showed that all animals were emaciated. The anus and perianal region of calves no. 1-5 were soiled with feces, which was interpreted as a sign of diarrhea. Calf no. 1 and the heifer (no. 6) had a moderate amount of fat reserves, whereas calves no. 2-5 were cachectic.
The small intestine of all animals was diffusely filled with a moderate amount of bright yellow, beige to limegreen, liquid, and partially foamy to fatty content (Fig 2A) . The mucosa of the distal two thirds of the small intestine was severely edematous and appeared whitish (Fig 2A) . The large intestine was filled with a yellow to green liquid with a partially foamy to fatty content, consistent with steatorrhea. The rectal contents of calf no. 1 and the heifer (no. 6) appeared less liquid than those from calves no. 2-5.
Histological changes were most prominent in the small intestine and accentuated in the jejunum in all animals. The enterocytes covering the tips of the villi contained large amounts of optically empty, round to oval vacuoles, ranging from 2 to 20 lm in diameter (Fig 2B) . Multifocally, the nuclei of the affected enterocytes were displaced to the basal cell borders. In frozen sections, these intracytoplasmic vacuoles and large parts of the intestinal content were positively stained by Sudan stain indicating lipid origin (Fig 2B) . Furthermore, multiple lacteals were moderately to severely dilated, correlating with the macroscopically visible edema. No pathomorphological or pathohistological lesions were observed in the liver. Transmission electron microscopy (TEM) corroborated the presence of large intracytoplasmic lipid droplets in the small intestinal enterocytes. The droplets filled most of the supranuclear cytoplasm but also occurred in an infranuclear position (Fig 2C) . In other respects, organelles and intercellular spaces were typical. Furthermore, isolated lipid droplets were seen in hepatocytes but to a minor extent as compared with the enterocytes, excluding a hepatic steatosis on TEM level. Histologically, single dilated myelin sheaths containing fragmented axons and macrophages without any particular distribution pattern were observed in the central nervous system (CNS) of the heifer. The variation of nerve fiber size and the proportion of small nerve fibers appeared to be increased in the sciatic nerve of the heifer, compared to a control animal of the same age (Fig 2D) . Myelin sheaths of numerous axons were decreased in thickness and, multifocally, hypertrophied Schwann cells enclosed the myelin sheaths. In the eyes, no retinal degeneration was present.
Genetic Analysis
Pedigree analysis indicated familial relationships among affected animals, and the distribution of affected animals in both genders was suggestive of an autosomal recessive genetic defect (Fig 3) . Analysis of the genealogy of all 6 affected animals revealed a relation to the sire Maughlin Storm on the maternal and on the paternal side (Fig 3) . This Holstein sire has been reported as the possible founder of the inherited CD disorder in previous investigations. Note that all 6 cases described in detail in this study can be traced back to a common ancestor confirmed as the carrier of the APOB mutation causing CD (red arrow).
months. Most of these calves died within a couple of days or weeks. An APOB mutation causing CD was recently identified partially based on the data provided in this investigation. 3 The homozygous presence of the APOB insertion was subsequently confirmed in all 6 affected animals. The 4-month-old fetus of the heifer was tested heterozygous for the APOB insertion.
Discussion
The most consistent clinical features in the CD calves were intermittent diarrhea and failure to thrive associated with hypocholesterolemia and low triglyceride concentrations. While the clinical signs were unspecific and of moderate intensity, the CD-affected animals had distinctly lower blood cholesterol and triglyceride values than the control calves. The 2.5-year-old heifer showed similarly low values in cholesterol and triglycerides, but the most prominent clinical features (after resolution of the stomatitis) were the neurologic symptoms. However, this animal had also shown intermittent diarrhea as a calf, based on which the pedigree of the heifer was reviewed, and it was subjected to a genetic test. Indeed, the pathological phenotype of the homozygous APOB mutant heifer was comparable to the phenotype of the 5 affected calves. Taking the pathological findings of steatorrhea, the histological and TEM phenotype of lipid vacuole accumulation within the enterocytes of the tips of the villi in the small intestine and the clinical symptoms of hypocholesterolemia, low triglyceride concentration, and the neurologic symptoms into account, bovine CD is highly similar to human FHBL. 4, 5 Acanthocytosis, described as one of the earliest laboratory features of FHBL in humans, was present in one calf. 5, 6 Over 60 truncating APOB mutations have been identified as causes for FHBL. 5 We previously demonstrated that the mutant proteins in the liver do not fulfill any physiological function in cattle homozygous for the bovine APOB mutation. 3 Therefore, it is highly probable that both physiological APOB protein isoforms are missing. Currently, it is not known if mutant APOB proteins are expressed in CD-affected cattle or not, and this should be subject to further investigation. 3 Impaired function of human APOB-100 protein results in decreased triglyceride export (by LDL receptormediated endocytosis) from the liver, which in turn leads to the development of fatty liver. 7 None of the investigated cattle had signs of fatty liver (hepatic steatosis), leading to the assumption that hepatic steatosis due to APOB-100 protein dysfunction is not a feature of CD in cattle. Alternatively, the absence of hepatic steatosis in our CD calves and heifer might be explained by the differences in fat metabolism between ruminants and humans. In humans, most of the de novo fatty acid synthesis takes place in the liver with glucose as a basic substrate. 8, 9 In ruminating animals, acetate absorbed from the rumen is the substrate for direct de novo synthesis of fatty acids. 8 Acetate is produced by microbial fermentation of cellulose in the rumen and stored in adipose tissue as well as used for milk fat synthesis in the mammary gland of lactating animals. 8, 10 Thus, the main site of fatty acid synthesis in ruminants is the adipose tissue and the mammary gland, not the liver. 8, 11 However, this applies to ruminating animals, ie, in our case animals no. 1 and 6, as calves no. 2-5 were still mostly fed with milk. Therefore, intestinal absorption may still have played a more important role in lipid intake and digestive processes in these calves may have been more comparable to the human fat metabolism. This explanation is supported by the fact that the calves on a diet milk based were cachectic, whereas the 2 ruminating animals had still some abdominal fat reserves. This might suggest that the specific metabolism of ruminants allows for the accumulation of some fat reserves in CD animals as soon as they start ruminating. In humans, truncation mutations in APOB affecting the APOB-48 protein were shown to result in defective chylomicron formation in the small intestine. 4, 5 This protein is exclusively synthesized in enterocytes of the small intestine. 12 The histologically visible accumulation of lipid vacuoles within the enterocytes in the CD-affected cattle indicates that the enterocytes of these animals are capable of resorbing fat from the ingesta. The hypocholesterolemia and low triglycerides concentrations, however, demonstrate that the transfer of these lipids from the enterocytes into the blood is impaired or even absent. Thus, these histological findings further support a chylomicron formation defect due to the lack of the APOB-48 protein, as it has been described in FHBL. 4, 12 In human patients, FHBL is additionally characterized by malabsorption of lipid-soluble vitamins (A, D, E, K), leading to retinal degeneration, neuropathy, and coagulopathy. 6 These neurologic disorders are associated with cerebellar dysfunction and compromising of the posterior column function with demyelination in the CNS and peripheral nervous system (PNS). 5, 6 We assume that the examined calves were too young to present clinical and pathological signs of chronic cholesterol and lipid deficiency and/or chronic lipid-soluble vitamin deficiencies. In contrast, the hypermetria observed in the heifer, which was first interpreted as a sign of cortical dysfunction in combination with abnormal gait (pacing), might also have been due to cerebellar dysfunction. 13 In the heifer, the histological lesions were mild in general, but were most prominent in the PNS and only minimal in the CNS. Peripheral neuropathy has been described in humans in association with abetalipoproteinemia (ABL), a similar genetic fat metabolism disorder.
14 However, this needs further study of additional older affected animals, including examination of semithin sections and ultrastructural studies. We assume that the mild changes in the sciatic nerve observed in the heifer might be a consequence of APOB mutation. Therefore, it represents a possible further histological feature of APOBassociated CD in cattle. Because no clinical PNS symptoms were present, the question whether the histological lesions are of clinical relevance remains open. Severe demyelination within the CNS as described in FHBL in humans 5, 6 was not visible by light microscopy in the heifer. Therefore, we cannot exclude a functional cause of the clinical CNS symptoms. Calves with CD are described to usually die within the first 6 months of life.
1 Thus, the case of the 2.5-yearold heifer is a rare example of an adult animal surviving the initial phase of CD. The heifer may have established chronic cholesterol and lipid deficiency and/or chronic lipid-soluble vitamin deficiencies as described in FHBL. Upon treatment, young human patients with FHBL can expect to return to a normal growth rate, although they may not reach their full growth potential. 4 In fact, it is proposed that FHBL might be a longevity syndrome, as a result of low LDL cholesterol in the bloodstream, 15 leading to absence of atherosclerosis. 16 The treatment described for humans, ie, total fat restriction and lipid-soluble vitamin supplementation, 5, 6 is not applicable in cattle. Exceptionally older CD cattle, like the heifer in our study, are particularly interesting animals for further investigation concerning the pathogenesis of the disease. The possibility of a natural large animal model for human FHBL could be explored with further investigations.
The main limitations for the diagnosis of CD in cattle are the unspecific clinical symptoms of diarrhea and failure to thrive in young calves. It is important, as demonstrated by the affected animals described here which belong to an age group most susceptible for various diarrhea-causing pathogens, to first exclude common agents causing diarrhea. However, as shown by the findings of 2 calves excreting oocysts of Eimeria bovis and Cryptosporidium parvum and, in the case of the heifer, Trichuris spp., CD can be present concomitantly with pathogens causing diarrhea. In case of intermittent diarrhea resistant to treatment in young Holstein cattle, analysis of total cholesterol and triglycerides can lead to a suspicion of CD. Pathological investigations are only diagnostic, if samples of the small intestine are immediately fixed in formalin (within minutes after euthanasia). Otherwise, the lipid vacuoles in the enterocytes of the villi tips are lost due to immediate autolytic changes in the small intestine. A clinical or pathological suspicion of CD should be confirmed using the gene test detecting the APOB mutation after consideration of pedigree information indicating inbreeding linked to the founder sire Maughlin Storm. 3 This newly developed diagnostic tool will allow a reduction in unnecessary treatment costs, use of antibiotics, and time-consuming care of affected animals. The early diagnosis of CD will enable targeted eradication of the APOB mutation from the Holstein population and thus prevent economical losses in the future. 
